This work analyses the physics of active trap states impacted by hydrogen (H) and nitrogen (N) dopings in amorphous In-Ga-Zn-O (a-IGZO) thin-film transistors (TFTs) and investigates their effects on the device performances under back-gate biasing. Based on numerical simulation and interpretation of the device transfer characteristics, it is concluded that the interface and bulk tail states, as well as the 2þ charge states (i.e., acceptors VO2þ) related to oxygen vacancy (VO), are neutralized by the H/N dopants incorporation via an experimental plasma treatment. Moreover, the simulation reveals that an acceptor-like defect VOH has been induced by the H doping, to support the observed additional degradation of device subthreshold slope. Superior stability of the optimized a-IGZO TFTs under a proper amount of H/N doping is demonstrated by the decreased density of VOrelated defects in simulation, where hole (VO0 donor) and electron trapping (Oi acceptor) occurs during the negative or...
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Amorphous indium-gallium-zinc oxide (a-IGZO) has been widely used as an active channel layer of thin-film transistors (TFTs) for their applications in high-definition active matrix liquid crystal displays, due to its desirable electron mobility, high optical transparency, low process temperature, and mechanical flexibility. [1] [2] [3] However, traps and native point defects, 4 unavoidably existing in the IGZO channel and at the channel/insulator layer interfaces, lead to device instability problems, shift in threshold voltage (V TH ) as well as degradations in field-effect mobility (l FE ), subthreshold slope (SS), and leakage and saturation currents. 5 Dopants incorporation (e.g., phosphorus, nitrogen, hydrogen, and argon [6] [7] [8] [9] ) into the a-IGZO was widely explored with the aim of producing high-performance TFTs, by modulating the carrier concentration (N e ), improving the interface quality, and reducing the native point defect states, e.g., defects related to oxygen vacancies (V O ) in a-IGZO TFTs. Nitrogen (N) doping was performed in-situ during the IGZO film deposition to improve the device performance, with an optimized carrier mobility of 19.21 cm 2 V À1 s À1 and subthreshold swing of 0.26 V/decade in Ref. 8 . N acts as an acceptor and serves as a defect binder, as the ionic radius of N is close to that of oxygen (O), to effectively substitute for O and reduce V O in the IGZO film and lead to a decrease in carrier concentration. 10 Hydrogen (H) incorporation in an a-IGZO film was found to passivate native defects and increase the electron concentration, 11, 12 as H can act as a shallow n-type donor, occupy interstitial positions (H i ) or V O sites, and exhibit strong bonding with oxygen (O-H) during a H plasma treatment. 13 However, a large increase in the quantity of dopants incorporation into the samples may result in an increase in the oxygen vacancies as well as the dopants-related defects. 14 Excessive H or N doping could undesirably lead to large V TH shift and degrade l FE of the a-IGZO TFTs. 15 Despite intensive research on improving electrical performances of the a-IGZO TFTs by incorporating H and N dopants, with respect to experimental observations and theoretical analyses, device simulation and modeling have not been done yet to quantitatively clarify how the H and N dopings impact on each type of traps (i.e., the interface and bulk traps, the native point defects) in the a-IGZO and qualitatively interpret the trap influence on the device behavior thereafter.
In this work, the numerical device simulation of a-IGZO TFTs has been conducted in ATLAS/Silvaco. 16 Based on modeling of the TFT transfer characteristics, this paper focuses on the interpretation of the device SS, V TH , and stability under different doping conditions (as obtained experimentally via a plasma treatment in Ref. 15) , in order to identify each type of the active defects which are impacted by the H or N doping and affect the electrical device performances under back-gate bias sweep.
As the literature indicates, the plasma treatment has been demonstrated as an alternative and efficient technique among the reported approaches for the dopants incorporation [17] [18] [19] and the low-temperature processing. 10, 20 Authors to whom correspondence should be addressed: yunzeng@hnu.edu. cn and liaolei@whu.edu.cn negative and positive bias stresses of 3600 s at room temperature, 15 after the H 2 and N 2 plasma treatment with the power and pressure conditions set to 50 W and 6.0 Pa (for the H/N codoping), respectively, and the substrate temperature kept at 150 C. Figure 1 (a) depicts a schematic of the a-IGZO TFT used for the following device simulation, onto which H 2 and N 2 plasma treatments were carried out in experiments, for the dopants incorporation into the 25 nm-thick (T_IGZO) IGZO film. Details of the fabrication process, device geometry, and measurements can be found in Ref. 15 . On the basis of the interface and bulk traps, as well as native point defects primarily described in the a-IGZO material system, 4, [20] [21] [22] Fig.  1(b) illustrates the types of the defect states in the IGZO film and at the IGZO/gate dielectric interface which are proposed and investigated in this work. E C denotes the conduction band minimum and E V the valence band maximum. In the IGZO film, the conduction band tail states consist of the acceptor-like tail state (g TA ) and the acceptor-like deep states (g DA ), and the valence band tail states consist of the donorlike tail states (g TD ) and the donor-like deep states (g DD ). At the IGZO/dielectric interface, acceptor-like (D it(A) ) and donor-like (D it(D) ) tail states are discussed. 23 Several types of the native point defects mainly need to be considered, with a Gaussian distribution as depicted in Fig. 1(b) . For the neutral (Vo 0 ), 1þ (Vo þ ), and 2þ (Vo 2þ ) charge states related to Vo, we focus on discussion of the stable charge states, namely, Vo 0 and Vo 2þ in the present work, where the Vo þ is unstable for any position of E F . 4 Vo 0 defect is known to act as deep donor, g DD (Vo 0 ), with energy level at approximately 1.0-1.5 eV above the E V . 23 Electron capture takes place for the Vo 2þ , g DA (Vo 2þ ), which lies at $2.85 eV above the E V , as an acceptor. 24 Moreover, in the n-type IGZO sample, zinc vacancies (V zn ) also easily form as deep acceptors with transition level of 0.18 eV, 4 g DA (V zn ). To focus on the Vo-related defects which are impacted by the plasma treatment and therefore electrically respond under stability characterization as will be discussed in the last paragraph, g DA (V zn ) is kept constant in this research. The V O H, H O , and H i defects in Fig. 1(b) related to the plasma treatment will be discussed later.
Electrons can flow into and out of these donor and acceptor states depending on the position of the Fermi level, which means that the charge state of the defects (i.e., donor and acceptor) changes while the position of the Fermi level is altered. The donors become positively charged if the Fermi level is below it and is neutral when the trap is occupied (i.e., the Fermi level is above it). The acceptor is neutral if the Fermi level is below the defect state and become negatively charged if the Fermi level is above it.
To analyze the impact of the different H 2 , N 2 , and H 2 /N 2 plasma treatments on defects and therefore on the device performances, transfer characteristics (drain current versus gate voltage, i.e., I DS -V GS ) of the a-IGZO TFT are simulated in ATLAS/Silvaco, 16 ,25 using the traps described above and with the uniform distribution of the bulk traps (i.e., native point defects) inside the a-IGZO film. In the simulation set-up, volume carrier mobility is initially set as 45 cm 2 V À1 s
À1
, consistent with the experimental value extracted in the device after H 2 and N 2 plasma treatment of 200-s duration ("H/N:200 s"). 15 Volume carrier lifetime is 1 ns. Bandgap of the IGZO material is 3.38 eV, with affinity of 4.16 eV. 5 An "intrinsic" electron density (with corresponding E F ¼ 1.09 eV) is set into the a-IGZO film, due to "unintentional" doping condition induced by the amorphous structure and the states related to the V O . 23 The source and drain are implemented as Schottky contacts, while P þ polysilicon is specified as the back-gate contact material.
A back-gate bias (V GS ) sweep from À20 V to þ20 V is applied to the P þ silicon substrate, to shift the Fermi level (E F ) in the bandgap. The E F in an ideal a-IGZO TFT without considering traps can be shifted from E F À E V ¼ 0.174 (0.244) eV to E C À E F ¼ 0.145 (0.296) eV at the back (front) surface of the 25 nm-thick a-IGZO film. However, the E F is also relevant to the trap conditions, in practice, due to the pinning effect. 26 The trap states (i.e., donors and acceptors) in the IGZO film and at the IGZO/insulator interface electrically affect the device performance (transfer characteristics, SS and V TH ), depending on the E F , whereas the donor states always below the E F and the acceptor states always above the E F are electrically inactive under the gate biasing as depicted in Fig.  1(b) by the response/non-response ranges. Fig. 2(a) , the V 0 in the a-IGZO with "H:100 s" is À14.54 V, indicating that positive charges are directly introduced by the H dopants, whereas the V 0 in the a-IGZO with "N:100 s" is increased to be À1.0 V indicating a slight decrease in positive charges caused by the N doping.
The optimal device performance is obtained in the a These observations imply that traps can be neutralized by a proper amount of H/N co-doping. It is indeed well known that the V TH and SS of the TFTs are related to the interface trap density (D it ) and the number of deep states, such that SS can be described as 27 
SS
where q is the electron charge, k B is the Boltzmann's constant, T is the absolute temperature, C i is the capacitance of the gate dielectric, and t ch is the active channel layer thickness. N bulk is the semiconductor bulk traps density. Furthermore, compared to the SS of the undoped case, the decrease in SS in the a-IGZO TFT with "N:100 s" indicates a decrease in traps density (D it or N bulk ) by about a factor of 2 due to the N doping, whereas the high SS and its increase at I DS > 10 À6 A observed in the a-IGZO TFT with "H:100 s" in Fig. 2(c) further indicate significant traps introduction by the H doping.
Integrated electron concentration through the whole channel, around the front interface, in the volume film, and around the back interface of the a-IGZO TFTs, is separately depicted in Figs. 2(d)-2(g) to illustrate the different components of device output drain current. The high level of integrated electron concentration in Fig. 2(g) while V GS > V TH confirms that the device drain current is mainly contributed by the back surface as was discussed in Ref. 15 and thus related to the interface traps states. Moreover, with the uniform distribution of the native point defects, the simulated electron concentration (cm
À3
) from the top to bottom side of the a-IGZO film (i.e., with the depth from 1 to 25 nm) has further validated that the TFT device characteristics are mainly affected by the back surface region (depth around 20-25 nm) of the a-IGZO film whatever the distribution of the native point defects. At V GS ¼ 0 V, the high integrated electron concentration in Figs. 2(e) and 2(f) indicates the high conductivity and external carrier concentration N e introduced by the H doping. A further demonstration is done, with the conduction band energy level offsets DE CB (¼E C À E F ) extracted in the a-IGZO TFTs left undoped and treated with "H:100 s" at V GS ¼ 0.0 V, being 0.525 eV and 0.307 eV separately.
To clarify how each type of defects changes under different doping and further identify its effect on device performances (i.e., SS, V TH ), Table I lists and summarizes the active defects that are electrically active in the device simulations of Fig. 2 and the traps description in Fig. 1(b) .
After H doping, H passivates the interfacial trap states at the a-IGZO/dielectric interface, 9, 14 which affect the SS as the device turns from OFF to ON state. Related to the role of H as a shallow donor, an increase in the Vo 0 and Vo 2þ is stated, where the Vo related to the oxygen deficient bonding of the a-IGZO film increase with the H incorporation. A degradation of SS in the a-IGZO TFT with "H:100s" observed in Fig. 2(c) confirms the increase in g DA (Vo 2þ ) in simulation. However, further degradation of SS at I DS > 10 À6 A in this a-IGZO TFT cannot be explained by the Vo 2þ defects. Based on our simulation understanding, it is found that an acceptorlike defect related to VoH complex has been created by H insertion into a Vo site (g DA (VoH), at $0.2 eV energy below the E C ), instead of probably behaving as a shallow donor state as in Ref. 13 . The majority of H during the plasma treatment is bonded to O in the form of Ho. 11 The Ho defect acts as a donor and has a positive charge (1þ) regardless of the E F within the band gap. Interstitial hydrogen (H i ) is also predicted to act exclusively as a donor, i.e., always in the 1þ charge state. 27 These induced Ho and H i defects are denoted by the purple bar and dashed curve in Fig. 1(b) and related to the large negative shift of V TH and V 0 observed in the a-IGZO TFT with "H:100 s." N is often considered as a promising p-type dopant and to serve as defect binder (i.e., facile substitution) due to its ionic radius close to that of O defects related to Vo. The tail states in the channel and at the channel/dielectric interface are reduced, which are confirmed by an improvement in V TH , and SS of the a-IGZO TFTs with "N:100 s," as illustrated in Table I . However, a small degradation of V TH instability and l FE in N-doped device was also observed, 15 which may be associated with the generation of N-related point defects. 27 In the N-doped device, a small fraction of N substitutes for O and becomes an acceptor, i.e., No. 28 The N O is stable in 1Àcharge state over most E F energy range, thus is attracted by the positively charged H donors (Ho and H i ). Consequently, H atoms will tend to passivate the No acceptors (i.e., forming N-H bonds with N O acceptors). That is, to say,, N O -and H i þ H O þ charged defects combine to form the neutral defect complexes, thereby compensating the N-and H-related defects, leading to the neutralization of H i defects and the decrease in the high-density Ho defects in the H and N doping a-IGZO TFTs.
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The enhanced SS and V TH in the a-IGZO TFTs with "H/ N:200 s," when compared to the ideal case of TFT (Nodefect), indicate the neutralization of interfacial traps and V O 2þ point defects in the a-IGZO bulk and at the a-IGZO/ SiO 2 interface, and the neutralization of the majority of the H-related donors by the H/N incorporation, as indicated in Table I . Moreover, the remaining shift of V 0 in this a-IGZO TFT in Fig. 2(a) indicates the existence of V O 0 deep donor, which leads to the negative shift in the transfer characteristics and the possible existence of donor-like defect H O related to H doping which also cause the shift without impact on device stability.
Based on the distribution of the trap states fitted in the a-IGZO TFT with "H/N:200 s," a quantitative investigation on the DV of transfer characteristics induced by negative bias stability (NBS) or positive bias stability (PBS) under a V GS of 620 V and stress duration of 3600 s is carried out. Experimental and simulated results are presented in Fig. 3(a) . The NBS instability leads to a negative shift (DV ¼ À2.6 V) of the transfer characteristics, reproduced in the simulations by ionization of V O 0 (Vo 0 þ 2h þ ! Vo 2þ ), i.e., V O 0 acting as a hole trap 24 in Fig. 3(b) . Under PBS, the oxygen interstitials (O i ) are demonstrated to be formed as deep acceptors, due to the weakly bonded oxygen ions. The created O i in the octahedral configuration O i (oct) 29 are electrically active and occupied by electrons (i.e., electron trapping) when the E F under PBS is high, and thus negatively charged to form O i 2À (oct), leading to a positive shift (DV ¼ 3.4 V) in the transfer curve. The optimized a-IGZO TFT has superior stability as compared to the undoped TFT under NBS and PBS (with a shift of 6DV ¼ $10 V), due to the decreased V O -related defects.
To summarize, we simulated and presented detailed analyses of the active trap states which electrically impact the transfer characteristics of the a-IGZO TFTs under different H and N doping conditions as observed in previously reported experiments. To reproduce the large set of observations, completely and without ambiguity, 10 parameters have been implemented necessary and sufficient to model the defects and their impacts on the electrical characteristics as well as their clear dependencies on the dopants incorporation. The tail-distributed traps (i.e., g TA , g TD , D it(A) , and D it(D) ) were reduced by the N doping (via N 2 plasma treatment of 100s), as well as the native point defects (i.e., Vo 0 and Vo 2þ ) related to Vo, with an improvement of the V TH , and SS observed in the N-doped a-IGZO TFTs. The induced Ho and H i defects were related to the large negative shift of V TH observed in the a-IGZO TFT with the H dopants incorporation. Furthermore, an acceptor-like defect V O H was found in simulation to be induced by the H dopants (via H 2 plasma treatment for 100 s) and to degrade the device SS. On the basis of experimental observations and theoretical investigations, the simulation indicates the neutralization of the interface and bulk tail states, and the 2þ charge states (i.e., acceptors V O 2þ ) related to oxygen vacancy (V O ) in the a-IGZO film under a proper amount of H/N co-doping (via H 2 and N 2 plasma treatment for 200 s). Moreover, the reduction of V O -related defects, responsible for the NBS and PBS, is shown to lead to improved device stability. This paper sheds light on using the simulations as a tool to fully investigate and interpret the impact of the H and N doping on the defects in the a-IGZO TFT and therefore optimize device fabrication and electrical performances.
